and B(D 0 → ωπ 0 ) = (1.17±0.34±0.07)×10 −4 , with statistical significances of 5.5σ and 4.1σ, respectively. We also present measurements of the absolute branching fractions for the related ηπ decay modes. We find B(D + → ηπ + ) = (3.07 ± 0.22 ± 0.13) × 10 −3 and B(D 0 → ηπ 0 ) = (0.65 ± 0.09 ± 0.04) × 10 −3 , which are consistent with the current world averages. The first and second uncertainties are statistical and systematic, respectively.
PACS numbers: 12.38.Qk, 13 .25.Ft, 14.40.Lb Hadronic decays of charm mesons provide important input for beauty physics and also open a window into the study of strong final state interactions. For Cabibbo-suppressed charm decays, precise measurements are challenging due to low statistics and high backgrounds. Among them, the singly Cabibbo-suppressed (SCS) decays D +,0 → ωπ +, 0 have not yet been observed. The most recent experimental search was performed by the CLEO Collaboration in 2006 [1] with a 281 pb −1 data collected on the ψ(3770) peak. The branching ratio upper limits were set to be 3.4 × 10 −4 and 2.6 × 10 −4 at the 90% confidence level (C.L.) for D + → ωπ + and D 0 → ωπ 0 , respectively [1] . Following the diagrammatic approach, the small decay rates may be caused by the destructive interference between the color-suppressed quark diagrams C V and C P [2] . Numerically, if W -annihilation contributions are neglected, the branching fractions of the D → ωπ decays should be at about 1.0 × 10 −4 level [2, 3] . Besides searching for D +,0 → ωπ +,0 , we also report measurements of the branching fractions for the decays D +,0 → ηπ +,0 . Precise measurements of these decay rates can improve understanding of U -spin and SU (3)-flavor symmetry breaking effects in D decays, benefiting theoretical predictions of CP violation in D decays [4] .
We employ the "double tag" (DT) technique first developed by the MARK-III Collaboration [5, 6] to perform absolute measurements of the branching fractions. As the peak of the ψ(3770) resonance is just above the DD threshold and below the DDπ threshold, for D meson we are interested, only DD pair-production is allowed. We select "single tag" (ST) events in which either a D orD is fully reconstructed without reference to the other meson. We then look for the D decays of interest in the remainder of each event, namely, in DT events where both the D andD are fully reconstructed. This strategy suppresses background and provides an absolute normalization for branching fraction measurements without the need for knowledge of the luminosity or the e + e − → DD production cross section. The absolute branching fractions for D meson decays are calculated by the general formula
where α denotes different ST modes, N obs,α tag is the yield of ST events for the tag mode α, N obs,α sig is the corresponding yield of DT events, and ǫ α tag and ǫ α tag,sig are the ST and DT efficiencies for the tag mode α .
BESIII is a general-purpose magnetic spectrometer with a helium-gas-based drift chamber (MDC), a plastic scintillator time-of-flight system (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC) enclosed in a superconducting solenoidal magnet providing a 1.0 T field. The solenoid is supported by an octagonal flux-return yoke with resistive-plate counters interleaved with steel for muon identification (MUC). The acceptance for charged particles and photons is 93% of 4π, and the charged particle momentum and barrel (endcap) photon energy resolutions at 1 GeV are 0.5% and 2.5% (5.0%), respectively [7] . The data used has an integrated luminosity of 2.93 fb −1 [8] and was collected with the BESIII detector at a center-of-mass energy of 3.773 GeV.
A GEANT4-based [9] Monte-Carlo (MC) simulation package, which includes the geometric description of the detector and the detector response, is used to determine the detection efficiency and to estimate the potential peaking background. Signal MC samples of a D meson decaying only to ωπ (ηπ) together with aD decaying only to the tag modes used are generated by the MC generator KKMC [10] using EVTGEN [11] , with initial state radiation (ISR) effects [12] and final state radiation effects [13] included. For the background studies, MC samples of
and ψ(3770) → non-DD decays, ISR production of ψ(3686) and J/ψ, and e + e − →continuum processes, are produced at √ s = 3.773 GeV. All known decay modes of the various D and ψ mesons are generated with branching fractions taken from the Particle Data Group (PDG) [14] , and the remaining decays are generated with LUNDCHARM [15] .
Charged tracks are required to be well-measured and to satisfy criteria based on the track fit quality; the angular range is restricted to | cos θ| < 0.93, where θ is the polar angle with respect to the direction of positron beam. Tracks (except for K 0 S daughters) must also be consistent with coming from the interaction point (IP) in three dimensions. Particle identification (PID) combining information of measured energy loss (dE/dx) in the MDC and the flight time obtained from the TOF is used to separate charged kaons and pions, the likelihood is required to be L(K) > L(π), L(K) > 0 for kaons and vice-versa for pions. Electromagnetic showers are reconstructed by clustering EMC crystal energies; efficiency and energy resolution are improved by including the energy deposited in nearby TOF counters. To identify photon candidates, showers must have minimum energies of 25 MeV for | cos θ| < 0.80 (barrel region) or 50 MeV for 0.86 < | cos θ| < 0.92 (endcap regions). The angle between the shower direction and all track extrapolations to the EMC must be larger than 10 standard deviations. A requirement on the EMC timing suppresses electronic noise and energy deposits unrelated to the event. The π 0 candidates are reconstructed by requiring the diphoton invariant mass to obey M γγ ∈ (0.115, 0.150) GeV/c 2 . Candidates with both photons coming from the endcap regions are rejected due to poor resolution. To improve resolution and reduce background, we constrain the invariant mass of each photon pair to the nominal π 0 mass [14] . The K 0 S candidates are selected from pairs of oppositely charged and vertex-constrained tracks consistent with coming from the IP along the beam direction but free of aforementioned PID and having an invariant mass in the range 0.487
The ST candidate events are selected by reconstructing a D − orD 0 in the following hadronic final states:
, comprising approximately 28.0% and 38.0% [14] of all D − andD 0 decays, respectively. For the signal side, we reconstruct
Throughout the paper, charge-conjugate modes are implicitly implied, unless otherwise noted.
To identify the reconstructed D candidates, we use two variables, the beam-constrained mass, M BC , and the energy difference, ∆E, which are defined as [16] .
To obtain ST yields, we fit the M BC distributions of the accepted D candidates, as shown in Fig. 1 . The signal shape which is modeled by MC shape convoluted with a Gaussian function includes the effects of beam energy spread, ISR, the ψ(3770) line shape, and resolution. Combinatorial background is modeled by an ARGUS function [17] . With requirement of 1.
2 for D 0 case, ST yields are calculated by subtracting the integrated ARGUS background yields within the signal region from the total event counts in this region. The tag efficiency is studied using MC samples following the same procedure. The ST yields in data and corresponding tag efficiencies are listed in Table I .
On the signal side we search for
decay. The requirements on ∆E are applied similar as in the tag selection; if multiple candidates are found, the candidate with the minimum |∆E| is chosen. For both D + and D 0 decays, two possible ω (η) combinations exist. Combinations with 3π mass in the interval (0.4, 1.0) GeV/c 2 are considered. The chance that both ω (η) candidates combinations lie in this region is only about 0.3%, rendering this source of multiple candidates negligible.
With the DT technique, the continuum background e + e − →is highly suppressed. The remaining background dominantly comes from DD events broadly populating the 3π mass window. To suppress the non-ω background, we require that the helicity, H ω ≡ cosθ H , of the ω have an absolute value larger than 0.54 (0.51) for D + (D 0 ). The angle θ H is the opening angle between the direction of the normal to the ω → 3π decay plane and direction of the D meson in the ω rest frame. True ω signal from D decays is longitudinally polarized so we expect a cos
is the known K 0 S mass and M π + π − is calculated at the IP for simplicity. The requirements on the ω helicity and K 0 S veto are optimized to get max- 
Data are shown as points, the (red) solid lines are the total fits and the (blue) dashed lines are the background shapes. D andD candidates are combined.
imum sensitivity based on the signal MC events and data in ω sidebands.
After the above selection criteria, the signal region S for the DT candidates is defined as 1.866 < M BC < 1.874 GeV/c 2 for the D + (1.859 < M BC < 1.871 GeV/c 2 for the D 0 ) in the two-dimensional (2D) M sig BC versus M tag BC plane, as illustrated in Fig. 2 . We also define sideband box regions to estimate potential background [18] . Sidebands A and B contain candidates where either the D or theD is misreconstructed. Sidebands C and D contain candidates where both D andD are misreconstructed, either in a correlated way (C), by assigning daughter particles to the wrong parent, or in an uncorrelated way (D). 
1044963 ± 1164 34.13 ± 0.01 5.73 ± 0.11 6.87 ± 0.12
708523 ± 946 38.33 ± 0.02 6.04 ± 0.11 7.00 ± 0.13
.87 ± 0.02 1.78 ± 0.06 2.10 ± 0.07 To obtain the ω(η) yield, we perform a fit to the π + π − π 0 invariant mass (M 3π ) distribution with events in the signal region S. The ω(η) shape is modeled by the signal MC shape convoluted with a Gaussian function to describe the difference in the M 3π resolution between MC and data. Due to high statistics, the width σ η of the Gaussian for the η case is determined by the fit, while the width σ ω for the ω case is constrained by the MC-determined ratio R = σ Table II. To estimate the ω(η) yield in the signal region S from background processes, event counts in sidebands A, B, and C are projected into the signal region S using scale factors deter- mined from integrating the background shape in the ST M BC fits. Contributions to sideband D are assumed to be uniformly distributed across the other regions [18] . For these events from the sideband regions, we perform similar fits to the 3π mass spectra, and find the peaking background yields N 
We now remove the ω helicity requirement, and investigate the helicity dependence of our signal yields. By following procedures similar to those described above, we obtain the signal yield in each |H ω | bin. The efficiency corrected yields are shown in Fig. 4 , demonstrating agreement with expected cos 2 θ H behavior, further validating this analysis.
With analogous selection criteria, we also determine B(D +,0 → ηπ +,0 ) as a cross-check. The results are found to be consistent with the nominal results given below for B(D +,0 → ηπ +,0 ), using relaxed cuts, as well as the PDG listings [14] .
As shown in Fig. 3 , the background level in the η signal region of the 3π invariant mass distribution is small compared to that near the ω mass. Also, according to the MC simula- tions and fits to events from the 2D M BC sideband regions, η peaking background is small, as shown in Fig. 3 . Therefore, to improve statistics, we remove the K 0 S veto requirements and also make no helicity requirement since H η ≡ cosθ H for signal is flat. Following a similar fit procedure, with results shown in Fig. 5 , we determine ηπ + and ηπ 0 DT yields as listed in Table II. With the DT technique, the branching fraction measurements are insensitive to systematics coming from the ST side since they mostly cancel. For the signal side, systematic uncertainties mainly come from imperfect knowledge of the efficiencies for tracking finding, PID criteria, the K 0 S veto, and the H ω requirement; additional uncertainties are related to the fit procedures.
Possible differences in tracking, PID and π 0 reconstruction efficiencies between data and the MC simulations are investigated using a partial-reconstruction technique based on the control samples
We assign uncertainties of 1.0% and 0.5% per track for track finding and PID, respectively, and 1.0% per reconstructed π 0 . Uncertainty due to the 2D signal region definition is investigated via the relative change in signal yields for different signal region definitions based on the control samples
0 which have the same pions in the final state as our signal modes. With the same control samples, uncertainties due to the ∆E requirements are also studied. The relative data-MC efficiency differences are taken as systematic uncertainties, as listed in Table III. Uncertainty due to the |H ω | requirement is studied using the control sample D 0 → K 0 S ω. The data-MC efficiency difference with or without this requirement is taken as our systematic. Uncertainty due to the K 0 S veto is similarly obtained with this control sample.
The ω peaking background is estimated from 2D M BC sidebands. We change the sideband ranges by 2 MeV/c 2 for both sides and investigate the fluctuation on the signal yields, which is taken as a systematic uncertainty.
In the nominal fit to the M 3π distribution, the ratio R, which is the relative difference on the M 3π resolution between η and ω positions, is determined by MC simulations. With control samples D 0 → K 0 S η and K 0 S ω, the difference between data and MC defined as δR = R data /R MC − 1 is obtained. We vary the nominal R value by ±1σ and take the relative change of signal yields as a systematic uncertainty.
Uncertainties due to the background shapes are investigated by changing the orders of the polynomials employed. Uncertainties due to the M 3π fitting range are investigated by changing the range from (0.50, 0.95) GeV/c 2 to (0.48, 0.97) GeV/c 2 in the fits, yielding relative differences which are taken as systematic uncertainties.
We summarize the systematic uncertainties in Table III . The total effect is calculated by combining the uncertainties from all sources in quadrature. Finally, the measured branching fractions of D → ωπ and ηπ are summarized in Table IV , where the first errors are statistical and the second ones are systematic. In summary, we present the first observation of the SCS decay D + → ωπ + with statistical significance of 5.5σ. We find the first evidence for the SCS decay D 0 → ωπ 0 with statistical significance of 4.1σ. The results are consistent with the theoretical prediction [2] , and can improve understanding of U -spin and SU (3)-flavor symmetry breaking effects in D decays [4] . We also present measurements of the branching fractions for D + → ηπ + and D 0 → ηπ 0 which are consistent with the previous measurements [19] .
